We propose and simulate a new kind of compact polarizing beam splitter (PBS) based on a photonic crystal ring resonator (PCRR) with complete photonic bandgaps. The two polarized states are separated far enough by resonant and nonresonant coupling between the waveguide modes and the microring modes. Some defect holes are utilized to control the beam propagation. The simulated results obtained by the finite-difference time-domain method show that high transmission (over 95%) is obtained and the polarization separation is realized with a length as short as 3:1 μm. The design of the proposed PBS can be flexible, thanks to the advantages of PCRRs.
Introduction
Polarizing beam splitters (PBSs) that can split light into two orthogonal polarized states are important components in large-scale photonic integrated circuits (PICs). Several kinds of PBSs based on conventional waveguides have been reported [1] [2] [3] [4] [5] . However, they usually have a large size (of the order of millimeters), making them less attractive for PICs.
As we all know, the size of devices using photonic crystals (PhCs) can be reduced dramatically compared with their traditional counterparts [6] [7] [8] [9] [10] [11] [12] . Compact PhC PBSs based on hybrid guiding mechanisms have been proposed and investigated extensively [6] [7] [8] . In their designs, one approach is to use hybrid structures of PhCs and conventional waveguides [6, 7] . Another simple PhC structure was based on the fact that the photonic bandgap (PBG) effect is applied to confine one polarized light, and the total internal reflection effect is to guide another polarized light [8] . However, the indexlike mode may be easily leaked because the confinement of the propagation field is decided by the filling factor and the number of rows of airholes on the two sides of the guiding region [9] .
Actually, confinement of the propagation field using the PBG effect can make PICs easier to make [10] . PBSs can also be realized by using resonators with absolute PBGs. Morita et al. presented a compact resonant-coupling PBS with a PhC point cavity [10] . However, it may not be suitable for being fabricated due to the compound arrays and different shapes of holes. Recently, another kind of resonator, a PhC ring resonator (PCRR), was presented and investigated [11, 12] . It can offer many advantages over the point resonator, such as scalability in size and flexible mode design due to its multimode nature [11, 12] . The principle and characteristics of PCRRs with square lattices of dielectric rods have been reported [11, 12] . In this paper, based on a PCRR of airhole arrays with a triangular lattice in a planar dielectric slab, we propose a new type of compact PBS. For a certain PCRR, the resonant frequencies of the transverse-magnetic (TM) and transverseelectric (TE) polarized states may be different, so that the two polarized states can be separated. The designed device can exhibit many advantages owing to the structure and characteristics of PCRRs.
Model and Analysis
Figure 1(a) shows the diagram of a hexagonal PCRR, which is based on a two-dimensional PhC composed of airholes formed in a dielectric slab with a triangular array and also a hexagonal array. For this kind of PCRR, there are multiple resonant frequencies and the modal field patterns usually have multiple fold symmetry [11] . The hole in the center of the hexagonal ring is utilized to modify slightly the resonant modes in order to enhance the efficiency of the devices, which will be discussed in Section 3.
When a PCRR is located near a photonic crystal waveguide (PCW), the propagation fields in the PCW will couple to the resonant mode of the PCRR, and then be trapped in the PCRR. On the other hand, the electromagnetic field will propagate along its original propagation direction at the nonresonant frequency. As shown in Fig. 1(b) , the proposed PBS consists of two PCWs and a PCRR. When the input light is launched from the input port, the TE wave is turned to the PCRR and then output from port B due to resonance, whereas the TM wave keeps its propagation direction and is output from port A owing to nonresonance.
In our numerical simulation, we use the effective refractive index to replace the refractive index of the background dielectric slab to confine the light in the third dimension. This method has been proved to be a good approximation of the original threedimensional problem theoretically [13] and experimentally [14] . We select Ga(Al)As laserlike heterostructure as the dielectric slab, and the effective indices n eff are 3.32 for both polarizations [8, 15] . The radii r of holes are set to be 0:48a, a being the lattice constant. For the PCRR under consideration, at the normalized frequency 0:5ða=λÞ, there exist two degenerate resonant modes for the TE wave, and no defect mode for the TM wave. Thus, this frequency is selected as the working point. It is worth noting that the selections of the working frequency can be various owing to the existence of multiple resonant modes of the ring cavity. The input and output PCWs are constructed by removing one row of holes along the ΓK direction, and Fig. 2 shows the dispersive relation of the PCW for the TM and TE polarizations. The shadow indicates the complete PBGs, which open for the frequency range of 0:455-0:53ða=λÞ; thus, the guided modes at the working frequency 0:5ða=λÞ for both polarizations are in the PBGs. It can be seen that multiple guided modes exist for almost all the frequencies in the complete PBG, and all of them may work for the coupling between the resonator and the waveguides. The coupling between resonant modes and guided modes is related to their modal field distribution, which means that the mismatch between resonant modes and guided modes will reduce the output efficiency. The radii of some holes in this structure are modified to achieve a good coupling and enhance the output efficiency, which will be discussed in Section 3.
Simulation and Discussion
In this section, we investigate characteristics of the PBS using the finite-difference time-domain (FDTD) method [16] . The coupling can be controlled by the radii of the holes between the PCW and the PCRR. We reduce the radii to increase the coupling, as shown in Fig. 1(b) . The radii of the coupling holes are selected as 0:11a. We launch a Gaussian wave with the working frequency a=λ ¼ 0:5. The grid size of the FDTD computation domain is set to be a=32, and the perfectly matched layers are utilized to absorb the outgoing waves. The extinction ratios (defined as the power at the desired output port to the undesired output for a certain polarization state) are only −7:9 and −12:2 dB for the TM and TE waves, respectively. We introduce a point defect on the crossing of the PCRR and port A to improve the efficiency of the device owing to the strong coupling between the waveguide modes in the output port and the cavity modes [ Fig. 1(b) ]. The acceptable PBS can be achieved by selecting an appropriate defect with optimized parameters. The radius of the defect is changed to be 0:18a, and the extinction ratios increase dramatically to −16:7 and −19:8 dB for the TM and TE waves, respectively. Figure 3 illustrates the simulated field patterns in the PBS with this defect. It is observed that the propagation TM and TE waves are separated and transmitted to port A and port B, respectively.
One should note that notable reflected power exists for the TM wave due to the mismatch of the ring modes and the waveguide modes. The transmission for the TM wave is degraded dramatically and the reflection is as high as 45%. This result can also be seen visually from the field distributions in Fig. 3(b) . Fortunately, the design of the ring modes is flexible; for example, the resonant mode can be modified slightly by varying the effective index of the defect. Here, we vary the radius of the hole in the center of the microring. The radius of the modified hole is changed to 0:1a. The reflection dramatically drops to 1.8% and the extinction ratio is reduced to −15:1 dB for the TE wave. However, the extinction ratio and reflection for the TM wave remain almost unchanged. The propagation fields in the optimized PBS are shown in Figs. 4(a) and 4(b) for the TM and TE light, respectively. The field distributions visually correspond to the calculated results above.
To obtain the wavelength response of the optimized PBS, the lattice constant a is selected as 0:775 μm and a pulse source having a spatial Gaussian shape centered around 1:55 μm is launched. Figure 5 shows the transmission efficiency in port A and port B for the TE and TM waves. A high transmission spectrum (over 95%) for the TE wave overlaps with the high TM transmission spectrum (over 98%) around 1:55 μm within a narrow wavelength range. Although the bandwidth is as narrow as about 1 nm, it still can satisfy the need of a current dense wavelength-division multiplexing system. On the other hand, the bandwidth can be expanded by using a coupled resonant cavity [10] . The polarization separation is realized with a length of 4a (3:1 μm), and the total length of the device is less than 22 μm.
Note that the two polarized states in the presented PBS are separated far enough without requiring any other additional parts, which is required in [8] . Compared with the PBS based on point cavity [10] , the presented one provides more choices for modifying the resonant mode due to the larger size and multiple cells of the ring cavity, and the modal design can be more flexible because of the multimode property of PCRRs. Moreover, two arbitrary borders of the hexagonal PCRR that are not neighboring can be selected as the coupling sides.
Conclusion
We have proposed a new type of compact PBS based on a PCRR of airhole arrays with absolute PBGs. The simulated results show that the polarization separation is realized with a length as short as 3:1 μm and the total length of the optimized PBS is less than 22 μm, with transmission higher than 95%. The presented PBS not only has high output efficiency and compact structure, but also is flexible in design due to the advantages of PCRRs.
